Antimicrobial activities of porcelain glazes with antimicrobial agents made of clay minerals intercalated with silver chelate and the effect of additives to the antimicrobial agents on those activities were investigated. The glazes with 10 mass % antimicrobial agents, fired at 1573 K in a reducing atmosphere, showed negative antimicrobial activities. On the other hand, the antimicrobial activities of the glazes with 110 mass % of the agents fired in an oxidizing atmosphere were positive. The glaze with an agent doped with Zr had a high antimicrobial activity by adding only 0.2 mass % of the agent, which included only 0.008 mass % Ag in the glaze. Wavelength-dispersive X-ray fluorescence, used for ingredient analysis, showed that the negative activity resulted from the disappearance of the Ag in the glaze fired in the reducing atmosphere.
Introduction
According to the statistics on food poisoning, 1) published by the Ministry of Health, Labor, and Welfare, the total number of incidents of food poisoning in Japan in 2008 amounted to 1,369 and the total number of patients amounted to 24,303. Of the total cases, 778 were caused by bacteria, accounting for 56.8%, followed by viruses (22.2%), natural toxins (11.1%), and the others (9.9%). In recent years, the incidence has not yet decreased; therefore, large cooking facilities, e.g., schools, social-welfare facilities, and restaurants, are required to undergo a thorough sanitation process.
Due to the increasing value placed on comfort and cleanliness, interest in the antimicrobial treatment of tableware is growing. Sanitaryware is known as antimicrobial-treated ceramics, but there is little evidence of successful antimicrobial treatment for tableware because of the requirement for different firing conditions. Porcelain tableware produced in the Hizen region of Japan was fired at 1573 K in a reducing atmosphere containing CO gas, whereas sanitaryware was fired at about 1473 K in an oxidizing atmosphere.
To create bluish-white porcelain, iron compounds (mainly Fe 2 O 3 ) contained in raw materials are reduced to FeO by reduction firing. So, it is necessary to consider how the new antimicrobial treatment can be applied in such a firing process.
Both organic and inorganic antimicrobial agents are commercially available. Because ceramic products required a heattreatment process, a heat-resistant inorganic antimicrobial agent is required. Various inorganic agents, which based on glass, 2) zeolite, 3) and apatite matrices, 4) among others, are commercially available. Recently, an antimicrobial agent derived from montmorillonite intercalated with a Ag chelate of Ag + (TBZ) 2 has been developed. 5 ),6) The schematic of this antimicrobial agent is shown in Fig. 1 . Originally, the aim of introducing Ag + (TBZ) 2 into the interlayer space of the montmorillonite was the long- term release of antimicrobial and antifungal agents. However, the structure may have heat resistance, because it has mineral frames of aluminosilicate. Although the montmorillonite intercalated with Ag + (TBZ) 2 added to a glaze is thermally decomposed after high-temperature firing, Ag elements will be dispersed in the glaze and indicate an antimicrobial effect. In addition, other elements, for example, Al and Zr can be co-doped into the interlayer spaces of montmorillonite to improve heat resistance, which are often used for improvement of the thermal stability of inorganic pigment for ceramics. 7), 8) But there are no data in the literature regarding the antimicrobial effects of porcelain glaze with a silver-clay antimicrobial agent.
In this study, antimicrobial activities of the porcelain glaze with an antimicrobial agent, generally used in the Hizen region of Japan, were investigated. In addition, in order to improve the antimicrobial activity after high-temperature firing, the co-doping effect of Al and Zr into the interlayer spaces of montmorillonite was also examined.
Experimental procedure

Preparation of silver-clay antimicrobial agents for porcelain
As details of preparation of the agents were given in a previous paper, 5) only a brief outline is described below. Na-montmorillonite (trade name Kunipia-F) was provided by Kunimine Ind. and has the typical chemical formula of Na ions were generated by dissolving the polynuclear hydroxide cations in water, and the ions were intercalated into the montmorillonite interlayer space. Because the cation exchange capacity (CEC) of the Na-montmorillonite was 108 cmol(+)/kg, 6) chemical equivalent weights of silver chelate and polynuclear hydroxide cations could be calculated in advance. The sample names of silver-clay antimicrobial agents and these Ag contents are shown in Table 1 . They were in the range of 1.9 to 4.4 mass %, which was less than half of commercial inorganic antimicrobial agents.
Preparation of glaze with antimicrobial agents and firing of samples
A glaze with Seger formula of 0.16Na 2 O·0.15K 2 O·0.69CaO· 0.55A1 2 O 3 ·4.5SiO 2 in mole percent was used. 10 mass % equivalent dry weight of antimicrobial powder was added to the glaze-water suspension with 50 mass % concentrations. After stirring at 500 rpm for 10 min using a planetary ball mill, the mixture was glazed on a biscuit sample of Amakusa clay. The glaze-water suspension without antimicrobial agent was also glazed on a similar sample. The samples were fired at 1573 K in the oxidizing and reducing atmospheres using an electric furnace and a gas furnace, respectively.
In oxidation firing, the samples were fired at 1573 K for 0.5 h in air. In reduction firing, the samples were heated up to 1273 K in complete combustion with excess air supply and were heated up to 1573 K in a reducing atmosphere of 3 vol % CO gas generated by incomplete combustion with insufficient air supply. CO concentration was measured using a gas analyzer (ZFYBM111-D, Fuji Electric Instruments Co., Ltd.).
Evaluation of antimicrobial activities
The film contact method prescribed by the Society of Industrial Technology for Antimicrobial Articles 9) was employed for evaluation of antimicrobial activity. Briefly, Escherichia coli strain IFO 3972 (ATCC 8739) was purchased from the Institute for Fermentation Osaka (Osaka, Japan) and cultivated using normal agar (Eiken Chemical, Tokyo, Japan) at 37°C overnight. The strain was adjusted to ca. 1.05.0 © 10 5 cells mL ¹1 in an autoclaved 0.2% normal broth (Eiken Chemical) at pH 7.0 « 0.2, and the suspension was applied to this test. Four hundred microliters of the suspension were inoculated on the surface of each sample, which were then covered by a film piece with sides of 40 mm « 2 mm from cutting the film bag (Organo Co., Tokyo, Japan). After incubation at 35°C for 24 h, the viable bacterial counts were enumerated using the plate-counting method. The test was carried out in triplicate on both untreated samples and samples treated with an antimicrobial agent, and the mean values of viable counts for these samples were analyzed.
An antimicrobial activity, R, is calculated as follows:
where A is the mean of the viable bacterial counts after inoculation of the untreated specimen; B, the mean of the viable bacterial counts of the untreated specimen after 24 h; and C, the mean of the viable bacterial counts of the specimen treated with an antimicrobial agent after 24 h. R is the logarithmic value of antibacterial activity to antimicrobial goods in an antibacterial test method using bacteria with gentle growth. R is positive when greater than 2.0 and negative when less than 2.0. E. coli with 0.2% normal broth usually shows an increase of almost 2 logged at 35°C for 24 h, even though E. coli with 100% normal broth shows an increase of the same amount only after 2 h. Therefore, a positive value indicates an inhibition of bacteriostatic growth, and a negative value indicates ineffective inhibition in the same stage. This method has been authorized by Japanese Industrial Standard Z 2801 from 2000.
Analysis of silver in the glaze
Qualitative and semi-quantitative analysis of Ag in the glazes with 10 mass % of the antimicrobial agents, with samples fired at 1573 K in the oxidizing or reducing atmosphere, was performed using a sequential wavelength-dispersive X-ray fluorescence (XRF) spectrometer (MagiX PRO PW-2440/00, Philips) running at 60 kV and 66 mA. Philips Super Q software was used for semiquantitative analysis.
Results and discussion
Antimicrobial activities of the samples fired in the reducing atmosphere
The antimicrobial activities, R, of the glazes with 10 mass % antimicrobial agents fired at 1573 K in the reducing atmosphere are summarized in Table 2 ; the results of all samples were negative and all R values were near zero, implying that the antimicrobial effects were completely lost. XRF profiles of the glaze surface of the samples fired at 1573 K in the oxidizing and reducing atmospheres are shown in Fig. 3 . As shown in Fig. 3(b) , the sample fired in the reducing atmosphere had no peaks. The loss of Ag in the glaze caused the loss of the antimicrobial effects.
A commercial inorganic antimicrobial agent consisting of calcium zinc phosphate showed similar results under the same firing conditions. It was considered that the loss of Ag by reduction firing is due to the reactivity of Ag with a reducing gas containing CO rather than the matrix of antimicrobial agent, which supported Ag. There are some articles 10)12) on the reaction between Ag in various solutions and CO gas at room temperature, but nothing is written about the reaction of Ag in glass melts and CO gas at high temperature. The reason why Ag disappeared from the glaze by reduction firing is not clear at present.
Antimicrobial activities of the samples fired
in the oxidizing atmosphere and effect of additives to the antimicrobial agents R values of the glazes with 10 mass % antimicrobial agents fired at 1573 K in the oxidizing atmosphere are shown in Table 3 . R values of all the samples were in the range of 2.5 2.7, which indicated positive. Although the Ag content of the samples was in the range of 1.94.4 mass %, which included 0.190.44 mass % in the glazes, there was not much difference in the antimicrobial activities. As shown in Fig. 3(a) , Ag clearly existed in the glaze with 10 mass % of the sample. As a result of semi-quantitative analysis by Super Q software, it was known that Ag content had been 0.046 wt %, which showed that about 10% of Ag added to the glaze had remained.
Next, the amount of the antimicrobial agents was reduced to the range of 0.11.0 mass %, and antimicrobial activities were also measured. R values of the glazes with 0.11.0 mass % agents fired at 1573 K in the oxidizing atmosphere are shown in Table 4 . Some samples with 1.0 mass % agent had R values greater than 2.0. The relationship between the initial amounts of Ag doped in the prepared glaze before firing, calculated by multiplying the Ag content in the samples shown in Table 1 by the agent contents added to the glaze, and the R values are shown in Fig. 4 . Except for Ag75%Zr25%, R values of the samples were decreased with decreasing the amount of Ag. On the other hand, despite the smaller addition of Ag75%Zr25%, it was clearly showed positive in the addition of only 0.2 mass % to the glaze, which included only 0.008 mass % Ag in the glaze. The heat resistance of the antimicrobial agent was improved by co-doping with Zr and Ag remained sufficient to indicate an antimicrobial effect. For this sample, ingredient analysis by XRF was carried out, but Ag was unable to be detected because of the detection limit of the XRF spectrometer. On the other hand, the R values decreased with increasing Zr content, because Ag content decreased relatively. In this study, the antimicrobial agent of Ag75%Zr25% was superior for porcelain glaze, in that a smaller amount of the agent was required.
Conclusions
The antimicrobial activities of a porcelain glaze with antimicrobial agent, which is generally used in the Hizen region of Japan, were investigated, and the co-doping effect of elements into the interlayer spaces of montmorillonite in order to improve the antimicrobial activity after high-temperature firing was also examined. The antimicrobial activity, R, of the glazes with 10 mass % antimicrobial agents fired at 1573 K in the reducing atmosphere was near zero, whereas those fired at 1573 K in the oxidizing atmosphere had R values in the range of 2.52.7, which were positive. R values of the glazes with 1.0 mass % agents fired at 1573 K in the oxidizing atmosphere were greater than 2.0. The sample doped at only 0.2 mass % of Ag75%Zr25%, which included only 0.008 mass % Ag in the glaze, was clearly positive. Co-doping of the antimicrobial agent with zirconium improved its heat resistance. The XRF profile of the sample by oxidation firing showed K¡ and K¢ peaks of Ag, but those of the sample by reduction firing did not. The reason why Ag disappeared from the glaze by reduction firing is not clear at present. Fig. 4 . Relationship between the initial amounts of Ag doped in the prepared glaze before firing, which were calculated by multiplying the Ag content in the samples by the agent contents added to the glaze, and R values.
